D r a f t D r a f t
Introduction 45
The Gram-negative bacterium Pseudomonas aeruginosa is known to efficiently colonize several 46 environments, including both clinical settings and natural habitats (Moradali et al. 2017 ). This 47 pathogen, which is the causative agent of major infections and for which several strains are multi-48 resistant to antibiotics (Cabot et al. 2016; Gellatly and Hancock 2013) , is considered by the 49
World Health Organization as one of the three bacteria with the highest priority for the 50 development of new drugs. P. aeruginosa is particularly known for its recurrent presence in the 51 lungs of patients that suffer from cystic fibrosis (CF), a genetic disorder that causes, among other 52 symptoms, an obstruction of airways (Cutting 2015) . 53
Given the crucial importance of P. aeruginosa in a medical context, genomes from clinical 54 strains have been thoroughly investigated, permitting the discovery, for example, that 55 P. aeruginosa can modify its genome, and the elements that are encoded there, to establish a 56 chronic infection in CF lungs (Winstanley et al. 2016) or even to adapt to non-CF bronchiectasis 57 lungs (Hilliam et al. 2017 ). However, the method that P. aeruginosa uses to adapt to other 58 environments, such as those that are non-clinical, is still poorly characterized. 59
Dental unit waterlines (DUWLs) are environments known to be colonized by a vast array of 60 bacterial species, including P. aeruginosa (Abdouchakour et al. 2015 ; Barbeau et al. 1996) . 61 D r a f t 4 were in a draft state (in many contigs), and this restricted robust genomic studies to small-non-67 duplicated mutations. 68
The inability to conduct investigations of the repeated elements is a serious issue, considering 69 that one of the major characteristics was the presence of ISPa11, which has been found in several 70 copies. It is even more a problem when considering that large-scale features such as the presence 71 of genomic islands and prophages cannot be properly investigated in draft genomes (Fadeev et al. 72 2016; Soares et al. 2016). It is crucial to have a complete accurate genome sequence of a DUWL 73 P. aeruginosa strain to have a clearer idea of the genomic features of the strains from this 74 environment that could be missed when investigating genome sequences in a draft state. 75
With long-read technology SMRT Sequencing from PacBio, we have succeeded in obtaining this 76 crucial piece of the puzzle, and have sequenced the DNA of PPF-1, a P. aeruginosa strain 77 isolated from a DUWL. A complete accurate chromosome sequence has been obtained, allowing 78 us to shed light on insertion sequences, prophages and genomic islands found in this genome. 79
Interestingly, autocatalytic introns of group II were also found. The high-quality genome 80 sequence of PPF-1 could be a reference for other studies interested in genomes from non-clinical 81 P. aeruginosa. 82
Materials and methods 83
P. aeruginosa strain PPF-1 was isolated from a DUWL at the Université de Montréal (Canada) 84 dental clinic (Ouellet et al. 2015 previous study . At the time of that study, the genome of PPF-1 was in a 119 draft state (83 contigs, N50 = 251,118 bp). As indicated in the introduction, it is not easy to 120 investigate the genome architecture and large-duplicated elements of draft sequences. The 121 genome of PPF-1 was consequently sequenced again, using the SMRT technology of PacBio, to 122 obtain a single chromosomal sequence and thus shed light on the features that were left 123 unexplored in the previous study. The general characteristics of the complete PPF-1 genome are 124 shown in Table 1 . The differences between the draft genome and the one newly sequenced by 125
PacBio were checked. The tool QUAST (Gurevich et al. 2013 ) revealed that 99% (6,879,898 bp 126 over 6,930,893 bp) of the closed genome was covered by the draft sequences. Also, a total of 301 127 mismatches and 14 InDels were discovered. Based on these results, we believe that the vast 128 majority of genomic features, with the exceptions of large-repeated elements, were properly 129 analyzed previously . which produces a putative O-antigen flippase (Liu et al. 1996) . 140
Knowing that insertion sequences were already known to have altered genetic features of PPF-1, 141 its closed genome was an opportunity for a more robust investigation of the complete repertoire 142 of insertion sequences of this genome. In addition to the 12 ISPa11s, 8 other complete insertion 143 sequences and 3 partial were also found ( Table 2 and Table S1 ). These insertion sequences are 144 distributed in 8 types, in 5 families. 145
It is important to note that there is some confusion concerning the name ISPa11. The ISPa11 146 found in PPF-1, also listed elsewhere (Dean and Goldberg 2000), is not the same ISPa11 as the 147 one listed in the reference database ISfinder (Siguier et al. 2006 ). The ISPa11 in ISfinder is 148 among the IS110 family while the one of PPF-1 is putatively from the IS30 family due to 149 similarities with other insertion sequences of this family (based on blastn analysis against the 150
ISfinder database). The study that has described this insertion sequence also reported it to be 151 from the IS30 family (Dean and Goldberg 2000). This example demonstrates the importance of 152 centralized resources to formalize nomenclature and avoid such coincident names. 153 D r a f t 8 Except for genes inactivated by ISPa11 copies, few other genes appear to be clearly inactivated 154 by insertion sequences (Table S1 ). A copy of IS222 clearly inserted into a known gene, which is 155 coding for a fimbrial protein (GenBank: KYO86255.1), while ISPa16, ISPa32 and ISPpu1 are 156 adjacent to truncated integrase genes. In these last cases, it is unknown if the insertion sequences 157 played a role in truncation of the integrase genes. 158
In addition to inactivating genes, insertion sequences are known to promote genome reshaping, there are 733 non-redundant genes encoded by GEIs. Of these 733 sequences, 562 were further 172 grouped into functional categories ( Figure S1 ). The most represented categories are S (Function 173 unknown), L (Replication, recombination, and repair), M (Cell wall/membrane/envelope 174 biogenesis) and K (Transcription). It is also interesting to note that several genes that code for D r a f t drug exporters, in addition to genes putatively involved in resistance to copper, arsenic, and 176 mercury, have been found in GEIs and may play a role in defense and adaptation (Supplementary 177 file S1). In addition, several GEIs encode restriction-modification systems that could have helped 178 them to bypass bacterial host defenses (Murphy et al. 2013) . 179
When comparing the genome sequence of PPF-1 with the ones of the P. aeruginosa reference 180 strains PAO1, PA14, LESB58 and PA7, several GEIs have been found to be unique to PPF-1. 181
The sequence of PA7 shares the most GEIs with PPF-1. PA14 shares the second-most GEIs with The sequence of the complete prophage, compared to the one of the questionable prophage, is 215 much more distant from sequences that can be found in GenBank. The best hits were against the 216 genome of P. aeruginosa strains DN1 (CP017099.1), H5708 (CP008859.2) and USDA-ARS-217 USMARC-41639 (CP013989.1), where the prophage sequence was found at 97-98% of identity 218 over 63-68% of query cover. Fragments of this prophage were also found in the sequence of the 219 reference strains PAO1, PA14 and LESB58, but in a lesser proportion (97-98% of identity over 220 D r a f t 17-19% of query cover). Interestingly, the genome of PA7 harbors a region with a higher identity 221 match (96% of identity over 65% of query cover). Although it is impossible to draw robust 222 conclusions based on the temporality of acquisition of these phage regions, the fact that the Finally, it is interesting to note that this putative complete prophage sequence includes some 230 genomic island regions that we predicted (Figure 1) . It is unclear if genomic islands inserted into 231 this prophage, since this was a region with low conservative pressure, given that the prophage is 232 also a part of the accessory genome, or if this is the result of a limitation of the prediction 233 method. 234
Group II introns 235
An overview of the annotated features made it possible to find several genes that code for group 236 The PPF-1 genome harbors two group II introns (P.ae.I2 and P.ae.I3) present in the database 246 mentioned above, which have already been listed in some genomes of P. aeruginosa (Figure 3) . 247
Two new introns that do not appear in the database were also found in the genome of PPF-1 248 (named here as P.ae.I4 and P.ae.I5) by sequence homology with those present in the database and 249 then by manual curation. A molecular phylogeny of 317 IEP sequences allowed us to determine 250 that P.ae.I4 and P.ae.I5 are from the class CL1 and have type IIB1 RNA ( Figure S2) . 251
Interestingly, P.ae.I5 is present twice in the genome of PPF-1. Blastn analyses against the nr/nt 252 database of the NCBI revealed that the introns found in the genome of PPF-1 are also present in 253 other genomes of P. aeruginosa (Figure 3 and Table S2 ). However, no closed genome from 254
GenBank have all the introns found in the genome of PPF-1. Table S1 . Detailed information on the insertion sequences found in the genome of PPF-1 462 Table S2 . Identity of group II introns found in the genome of PPF-1 with those available in 463
GenBank (identified with MegaBLAST) 464 
